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Investigation on reservoir associated earthquake phenomena in western part of
SYNOPSIS
Thailand was carried out since early 1983. After impoundment of Khao Laem Reservoir in
seismic network around reservoir area.
June 1984 earthquake events had been recorded by micro
Evaluation of seismic parameters and earthquake pattern and the focal mechanism solutions indicate
and the hypocentral distribution confirm the earththe earthquakes were triggered by impoundment
activities along the north east direction. Results obtained from investigation clearly
quake
differentiate the reservoir induced earthquakes phenomena from natural tectonic earthquakes.
INTRODUCTION
lain unconformably by the Tertiary sequences of
semiconsolidated and consolidated conglomerate,
sandstone and siltstone. However, the Quae Noi
river is underlain almost entirely by karstic
rocks.

The Khao Laem Multipurpose Project is in the
central west of Thailand, on the Quae Noi
river, about 300 kms. northwest of Bangkok.
Following a six years period of intensive
investigation, the construction was commenced
in 1979 and completed in 1984. The dam is a
concrete faced rockfill dam, 130m. in height
from the lowest foundation level, with a crest
length of about one kilometer. The Khao Laem
reservoir has a surface area of 385 sq. kms.
(million
with the total capacity of 8,860 mcm.
cubic meters) at full supply level of 155 m.
msl (mean sea level). The initial impoundment
started in June 1984 and by October, 1985 the
reservoir level was within one meter of full
pond.

The major geologic structure in the region is
the so-called Three-Pagoda Fault which trends
in the north-northwest direction. The distrifault
bution of rock units along each side of
suggests that, in general, the Three-Pagoda
Fault forms the boundary between older with
more tightly folded rocks to the east and
younger with gently folded rocks to the west.
Further, from the distribution of rock types
and exposures of materials within the fault
zone, it is clear that the Three-Pagoda Fault
is a major, deep-seated structure that has
exhibited significant strike-slip movements in
the geologic past (EBASCO, 1985). However,
during
on geological investigation
report
feasibility study and construction period of
Khao Laem dam indicate no evidence of recent
activity of this fault in the vicinity of the
The interpretation
dam and reservoir area.
which based on both aerial photos and satellite
imagery indicated that the longest and most
prominent lineaments trend north-northwest and
are associated with steep limestone cliffs
along the trace of the Three-Pagoda Fault. The
distribution of the lineaments also suggest
that the Three-Pagoda Fault separates into two
branches with the minor one passes through the
Khao Laem dam area.

A single seismic station short period seismomewas installed near the dam since
ter (KHT)
October 1982, to record the level of seismicity
this region pr1or to the impoundment.
of
During dam construction on February 18, 1983 a
magnitude 3.3 ML earthquake was recorded and
the epicenter was found within 10 kms. north of
From the recorded seismograms after
damsite.
initial impoundment it has shown an increase of
seismic level and their epicenters had been
located in the reservoir area . ln June, 1984,
seven additional seismic stations were set up
around reservoir to determine the locations and
focal mechanisms of these earthquakes.
GEOLOGY AND STRUCTURE OF THE PROJECT REGION
The regional geology of this area is dominated
by north-northwest trends of limestone and
clastic sedimentary rocks with age ranging from
Paleozoic through Neogene. Metamorphic rocks
of Cambrian age occur locally as high lands on
the eastern side of the river where as the
western edge of the basin is formed by the
similar trending belts of granite. In the main
river valley, there are extensive deposits of
Quaternary colluvium and alluvium which under-

A number of shorter, northeast-trending lineaments were also identified in the reservoir
area and appear in some cases, to offset the
lineaments associated with the Three-Pagoda
This observation suggests the latest
Fault.
Fault
along the Three-Pagoda
displacement
From these special geological
(EBASCO, 1985).
of
it suggests the possibility
condition
reservoir triggered seismicity in the area.
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Tectonic Setting
On the basis of geology,morpholo gy and tectonic
history the western part of Thailand, where the
project is located, is currently in the transition zone between the active Himalayan continental collision belt to the northwest, and
ongoing oceanic subduction along the Indonesian
arc to the south as shown in Figure 1 (Le Dain
and others, 1984). Within the Andaman basin
itself, analysis of instrumentally recorded
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Figure 2

Illustrate
Primary
and Secondary
Compression
From Tak
and
Three
Pagoda Fault.

claimed many human lives and caused much damage
locally.
In 1970, UNESCO formed a working
group
on
"Seismic
Phenomena
Associated
with Large Reservoirs"
to study 30 large
reservoirs associated earthquakes. From this
study approximately half of these number had
been accompanied seismic activity after first
impoundment.
Figure 1

Illustrate Alpide - Himalayan Zone.

The cause of these
earthquakes
have been
studied by many researchers. Carder (1945)
had pointed out that the water load of Lake
Mead in the United States has reactivated the
pre-existing faults.
In 1970 's
Gough and
Gough have discussed
that the
additional
stresses due to reservoir loading trigger the
critical stressed of the pre-existing faults.

seismicity
suggests
continued
north-south
extension
along east-west
spreading
axis
(Hutchinson, 1978).
The spreading 1n
the
Andaman Sea and the continuing counterclockwise
rotation of India (Eguchi and others, 1979;
Chandra, 1981) is accommodated by right lateral
movement
along major north-south
trending
strike-slip faults in Myanmar(Burma).
As a
result of the tectonic activity described, the
Cenozoic deformation of western Thailand is
characterized by north to northwest-trendin g
major fault zones, namely the Tak and ThreePagoda Fault which seem to extend
southeastward
from Myanmar(Burma) into the Khao Laem
Project region as depicted in Figure 2.

The level of seismicity induced by the reservoirs had been found to be affected by several
factors.
These factors comprised reservoir
depth of greater than 100m., reservoir capacity of greater than 10,000 mcm.
, the local
level of stress, rate of increase or decrease
water level, geological condition and tectonic
setting, heterogeneity of rock
foundation,
these factors are clearly differentiate the
phenomena of reservoir
triggered sismicity
from normal tectonic earthquake. Eventhough
no seismic activity had been observed from most
of large reservoirs, it was believed that only
special geological and hydrological conditions
are required for the triggering of earthquakes.
For these reasons seismic parameters evaluation
have been considered as follows:

Characteristics of Reservoir Associated Earth
quakes.
During the period 1960 's, damaging earthquakes
near large reservoirs had been reported at
Kariba in the Zambia - Rhodesia border, at
Kremesta in Greece and at Koyna in India.
These earthquakes of magnitude greater than 6
1348
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the frequency - magnitude
The slope of
relation
The magnitude ratio of the largest aftershock to mainshock
Foreshock and aftershock pattern~.

a . The Frequency- Magnitude RelationshiP
1950 1 s Gutenberg and Richter had studied
In
magnitude and frequency distrlbution of
the
large earthquakes for the whole world data and
magnitude
frequency
this
derived
had
relationship as follows.
log N

A -

INSTALLATION OF SEISMIC MONITORING NETWORK
In October, 1982, during dam construction, one
permanent se1smlc station was installed at the
dam site. The equipment comprised one Kinemetrics analog short period seismograpll equipped
vertical seismometer.
anger S-1
an
with
This seismic station is served as one of the
National Se1smic Network station as illustrated
in Figure 3.
todr.

C H I NA

IO~E

bM

where N is the frequency of shock, M is
' magnitude, A. b are constants.

the

From investigation the pa rameter A is found to
significantly from region to region,
vary
where as the parameter b does not vary much.
The parameter b have been investigated by many
vary
seismologists and was believed that b
from region to region and with focal depth
(H.K. Gupta and B.K. Rastogi). Furthermore, it
was also concluded that the b values for
reservoir - associated earthquakes are mostly
greater than 1.0 , and the foreshock b value
In
are higher than the aftershock b value.
contrast for normal tectonic earthquakes in
values
Japan, Alaska, Greece, and Chile the b
are much lower and are found in the range of
0.3 - 0.6 .

.•

b . Relationship Between the Ma gnitudes of the
Matn shock and the Largest Aftershock
largest
For the case of ma1nshock and the
aftershoc k due considerat i on has been given to
study the ratio of largest aftershock to mainshock and it was found for the Reservoir Triggered Seismicity (RTS) the ratios were found in
the range of 0 . 8 to 0.9 and small difference
was also in between main and largest aftersnock.
Figure 3

c. Foreshock - Aftershock Patterns
In 1963, Mogi class i f i ed patterns of foreshock
-aftershoc k which was fou nd in the experime ntal
three types and compared the
into
models
patterns with those of natural earthquakes .
Tllese models prescribe the type of structural
states of foundation materials or the model
classified degree of homogeneity for foundation
rock . Furthermore, it was po1nt out that type
1 of Magi's model correspond to natural earthquake where the mechanica l structures of the
media and the stresses could be regarded as
For
nearly uniform for tectonic earthquakes.
Mogi 1 s model 2 and 3, classification of material was consider heterogeneous In some degree
and extremely heterogeneous while the distribution of external stress is not uniform and
model
The
very concentrated respectively .
type 2 and 3 are corresponded to manmade
earthquake or reservoir triggered seismicity.

Location
Network.

of

The

National

Setsmic

In February 1984, The El ectricity Generat1ng
the technical
of Thailand with
Authority
assistance from Ebasco Overseas Corporation
(U.S . A) started a series of study on seismicity
based
in Khao Laem region. Evaluation was
on the pre-Instrumental and instrumental seismicity, earthquake catalog, air and ground
geologic reconnaissance of the region. Conclusions of the study indicated that the area has
not experienced moderate to large earthquakes
on a recurring basis in the recent geologic
Statistically comparison to the worldpast.
wide cases of reservoir triggered seismicity
(RTS) revedls many similarities to the conditions at the Khao Laem Dam. This led to the
seismic
for Installing •he
recommendation
network in the region in order to establish
background seismic data. System capability were
desired for higher resolution in locat1on of
recorded events . The reasons of insta ll ing
micro seismic network was to provide flexibili ty of station relocation, better understanding
of mechanism and distribution of the se1smic
activity.

Investigation of Kariba, Kremesta and Koyna
foreshock and aftershock patterns conform to
type 2 of Mogi 's c l assification.

1349

The network installation took place in October
1984 and involved the installation of seven
statio ns within 20 to 30 kms . in rad i us from
Khao laem Dam. The location of these stations
are sho wn in Figure 4. Each station consists of
a
Sprengnether MEQ-800 analog
seismograph
equipped with an internal clock and
Mark
Products L 4-C vertical seismometer .
Seismograms were recorded on smoked paper
with
rotation speed of 120 mm/minute. Each internal
clock was synchronized daily with coordinated
universal time radio broadcasts. The
filters
of the instruments were set to sample a window
of 5-30 Hz, thus fi lt ering out low frequency
energy associated with distant
earthquakes
outstde Thailand
as well as low and high
frequency background noise.
Amplifier gain
setttngs were determined on the basis of background noise levels at each stte .
Generally,
magnification were abo ut 50,000 at 10Hz.

SEISMIC PARAMETERS EV AL UATIO N
Initial impo undme nt of Khao Laem Reservoir wa ~
in June 1984. one month after impoundment
seismic activlties around reser voir area werE
recorded. During the study period in June 198•
through June 1990, approximately 50 events ou1
of some 4700 recorded earthquakes were felt a1
dam site with maximum magnitude of 4 . 5 Ml.
Data reduction had been performed and from thf
recorded event it wa s found that the epice ntr a l
area of earthquakes at Khao Laem Reservoir ar e
dominated by s warm type . Six epicentral area$
ar e named as fo ll ows the Jong , Para, Tha-Mayo,
Pilok, Pong and Rice as depicted in Figure 5 .
It was noted that the majority of earthquake
events including the maximum magnitude 4 . 5 Ml

The network Is capab l e of detecttng local micro
seismic events of mag nitud e less than 1.0 Ml
througho ut most of the Khao laem reservoir
area . Earthquake started tn early July, 1984.
one month following the initial rapid filling
of the reservoir. The largest event occurred
on January 22, 1985, and had a magnitude of 4.5
Ml, the epicenter of most of the act i vity are
located about 6 to 8 kms . north west of the
Khao Laem Dam.
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Figure
Figure 4

Location of Portable
Seismograph
Stations around Khao Laem Reservoir.
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Illustrate Epicentral o f Earthquake
Swarms rn Khao Laem Reservoir and
Typical Focal r~echantsm on Pilok.
Tha Mayo and Jong Epicentral Area.

were found and located in Pilok source which
was 8- 10 kms. in norlh-north west direction of
Khao La em Dam In March 10 , 1985 .
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The magnitude 4.5 ML was considered as assumed
main shock and the linear relationship between
ea rthquak e magnitude and thei r freq uencies for
foreshock and aftershock cou ld be found as
follows:

the recorded seismograms data reduction
For ana l ysis
been carefully performed.
earthquake
of seismic parameters,
purpose
magnitude greater than magnitude 2 in Richter
scale were selected with at least recorded by
three seismic stat1ons.
From

had

For Khao Laem Earthquake data (Figure 6a, 6b)
( 1)
4.92- 1.25 ML
Foreshock log N
( 2)
4.99 - 1.20 Ml
Aftershock log N

For this investigation the earthquake frequency
-magnitude relationship has been determined
whi ch could be presented by a simple relation
of the type

For Pilok Earthquake data (Figure 7a, 7b)
4 .1 9 - 1.15 ML
Foreshock log N
4 . 65- 1.13 ML
Aftershock Jog N

l og N = A - bM

Attempt of determining "b" values have been
pre pared for two cases which compr1sed data for
a 11 Khao Li!em Dam ea r thquakes and data for
Pi l ok eart hquakes.

As found in Eqs. (1) through (4) the slope b
values are a ll greater than 1. The slope b
'lalues for Khao Laem earthquake sequence have
oeen compared to world wide cases for reservoir
and
Kariba
(Koyna,
seismicity
triggered
Kremesta)

LAEM FORESHOCKS FOR ML>2.0

PlLOK FORESHOCKS FOR ML

=

2

( 4)

can be seen in Eqs . (1) and (2), the b
As
values of foreshock and aftershock for all data
are 1 . 25 and 1 .20 respectively and also from
Eqs . (3) and (4) the slope b-value for Pilok
source are 1.15 and 1.13 respectively .

where N is the accumulated number of shocks, A
and b are constant and M is local magnitude i n
richter.

KHAO

( 3)

>2 .0

21i
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2
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Il l ustrate RelationshiP between log N
and Earthquake Magnitude For Pilok
Data on Foreshocks and Aftershocks.

Table 1

REGION

Comparison of b-value for reservoirs
triggered seismicity
MAIN
SHOCK
(Mo)

LARGEST
AFTER
SHOCK (M1)

6,2
6.0
4.5
4.5

5.5

The composite focal mechanism solutions wer£
carefully determined on the basis of first
motion data for earthq uak es occurrin g for eacr
swarm.
All magnitude 3 plus events and the
great majority of the smaller
earthquakes
recorded during the f ir st two years of impoundment we re located in the Pilok epicentral area ,
about 6 to 8 kms. northwest of the Khao Lae ~
dam. ~ost of the actiVity in the Pilok source
occur along the northeast trending structure
which dips steeply to the no rthwest. Composite
focal mechanism so l ution fo r this earthquake
s warm supports this interpretation and also
show that displacement along this structure is
left late ral , possibly with a small compone nt
of normal motion. The r esulting solutions for
Tha Mayo and Pong swarms also define two well
constrained nodal planes that trend northeast
and northwest. On t he basis of the earthq uake
locations, hypocentra l distribution and lineament data, the northeast striking nodal P lane
is interpreted as a fault plane . The type of
motion along this feature is predominant l y l eft
lateral with a smal l compone nt of vertical
motion wh ich is consistent with the Pilok
swarm .

M1/MO

----------------------------------------------6.,
Kariba
6.0
0.98
1.80 1.02
Kremesta
Koyna
Khao La em
Pilok

5.2

4. 1
4. 1

0.89
0 . 83
0. 91
0 . 91

1.14

1.87
1. 25
1. 15

1., 2
1. 09
1. 20
1. 13

----------------------------------------------From Table 1 it could be seen that b values for
Khao Laem Dam for both foreshock and aftershock
are both greater than unity and could be closely compared to world wide cases for reservoir
triggered seismicity.
For the case of foreshock-aftershock pattern,
earthquake in Pilok swarm has been selected
since the majority of earthquake activities lie
in this area. Graphic presentation of earthquake sequence and time interval has been made
as shown in Figure 8. It should be seen that
the activities has been gradually increase and
decrease with time, these pattern would correspond to Magi ' s model Ill as a swarm type of
actlvity .

At the Rice and Para swarms, the Rice events
although somewhat diffuse, a l so lie near a
similar northeast trending lineament. while the
Para epicentral distribution is also diffuse
and does not lie along previously identified
lineaments or surface features . Moreover the
first motion data for events occu rrin g in these
two areas does not define a focal mechanism
solution.

P I LOK SWARM LOCAT ED
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Figure 8

Illustrate Earthquake Pattern During
Period July 1984 througth July 1987
fo r Pilok Swarm where The Reservoir
wa s Initial Impounded in June 1984.

Focal Mechanisms
As
accepted
by many researchers that an
earthquake swarm is thought to represent a
single episode of movement along one distinct
fault. Consequently, the detailed analyses of
swarms hav e been carried out to define the
seismogenic feature responsible for activity in
each swarm as well as to provide a better
understanding of the nature of movements that
were taking p l ace in the Khao Laem reservoir.
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The latest seismic source in the Knao Laem
region is the Jong epicentral area, located in
the northern portion of the reservoir.
Two
magnitude 3 plus earthquakes occurred in March
of 1986, about 3 • 4 months after the h!gh
wat er level resulting from the 1985 rainy
season.
These events and their associated
foreshocks and aftershocks occurred in an area
where several smaller events occurred in the
previous January and Februa ry . The epicentral
distribution of the seismicity in the Jong
swarm defines a north-northwest trend and lies
along the id entified north-northwest trending
l ineament . The hypocentral distribution shows
that these activities occurred along the down
dip extension of this lineament. Moreover, the
composite focal mechanism so lu tion of these
Jong events suggests that the activity is along
the north-northwest striking feature and dipping to the north-northeast which consistent
with the epicentral and hypocentral distribution. Th e type of motion along this feature is
oblique slip, predominantly normal with the
northeast side down and right lateral component
of displacement as show n on Figure 5. Therefore
the hanging wall of this fault lies beneath the
large port ion of the reservoir which is load ed
by the increases in wat er level followi ng the
1985 ra iny season.

CONCL USIO NS
On the basis of laboratory studies. theoretical
modeling and empirical data, most investigators
agree that the "Rese~voir Triggered Seismicity"
or RTS is the result of the compound effect of
factors .
hydr ologic
geologic and
severa l
Specifically , where the s hallow crust within
lhe hydrologtc regime of the reservoir must be
sufficiently stresses prior to impoundment such
lhat increases in stress due to reservoir load
and/or changes in effective stress, are sufficient to triggered the release of ambient of
This re l ease of st r ess is
residua l stress .
expressed as mo vement along pr e - existi ng p l anes
of weakness such as fault, joints or discontinutties a l ong lithologic boundaries .

MONTHLY STATISTICAL CURVES
KHAO LAEM SEI SMICITY
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As noted previous l y,the longest lineaments in
this region are associated with the location of
norththe Three-Pagoda Fau l t and tre nd in a
of
While the number
north west direction.
shorter , northeast trendtng l ineament have also
been identified and appeared to represent the
faulting younger than the latest movements
along the Three- Pagoda Fault . This phenomena
supports the s t ress condition of the region
prior to the impou nd ment . Hence, the i mpoundme nt of the Khao Laem r eser voir and subseq ue nt
f l uctuations in water l eve l have trigge r ed the
release of seismic activity beneath and within
This
the immediate vicinity of the reservoir.
release of stress is expressed along the northeast younger fault as supported by the data
ana ly sis of eac h eart hquake s war m which indicate t hat non of the earthq ua ke swarms e valuatassociated
ed du r ing 1984 to 1985 appe ar to be
with the l ineament related to the Three - Pagoda
Later in 1986 the e vents 1n the Jong
Fault .
epicen t ral area appear to lie along a previous ly identified north-northw est trending lineament which thoug ht to rep r esent a segment of
the Three-Pagoda Fa ul t . Ho we ver, the overa l l
le vel of seismicity in the Khao Laem region has
dec r eased from the peaks observed In lat e 1984
and early 1985 as shown in Figure 9 .

8 8/06
Y EAR I M ONTH

Figure 9

conclusions

can

89/06

Illustrate Earthquake Act1v1ty
Khao Laem Reservoir Water Level.

90106

vs.

2 . Fr om the aeria l photos and sate l lite imagery
st udy , l ineaments were found in northwest and
northeast directions . Moreover, the epicentral
of earthquake swarms are located and confine
along these lineaments.

Most of the earthquakes occurring in the Khao
laem r egion originate from the Pilok ep i centra l
Intensity data s upported by limited
area .
inst r umen t a l data indicate very strong l y that
the Pilok eplcentral area was also the source
of the preimpoundme nt magnitude 3.3 ML event or
February 18, 1983. Th1s observation suggests
that low level seismicity was occurring in this
area pr ior to the impoundment and the increase
in seismic acti vi ty is direct l y r elated t o the
reservoir i mpo undment and the f l uctuation of
the water l evel which significantl y raising
local pore pressure and loading over the area
of pre - existing plane of weakness.
From this investigation
dra wn as follo ws:

ItO

3. Investigation of slope "b" from linear rel ationship of magn i tude - f r eque ncy data for both
Pi lok swarm and Khao Laem earthq uakes , a l l " b"
va l ues are we l l compared to those world wide
cases of reservoir induced se1smicity.
4 . The earthquake pattern are found as swarm
to
type, and its pattern is corresponded
earthquake
Magi's model 111 wh i ch indicate
pattern of r eservoir i nduced seismicity.
5. The focal mechanism for Ban Tha-Mayo, Pilok
and Pong swa r m confirm northeast southwest
faulting direction, while the focal mechanism
for Jong swarm suggest the north-north west
faulting direction.

be

1 . From geological cond1tion it was found that
the Khao Laem Dam and reservoir area were in
between The Three - Pagoda and Tak Faults. It was
believed that the movement of these faults in
the geologic past had induced high residual
stress a l ong fa ul t region .
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